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FINAL REPORT PART III

THE CRYSTAL STRUCTURE OF CESIUM MONOXIDE
by Khi-Ruey Tsai

INTRCDUCTION

The monoxide of ceslum, Cs70, is belidved to
have played an important role in the Cs-0~-Ag
photocathode, although no investipation of the
photoelectric property of the pure oxide has been
recorded in the literature. The oxide, orange
yellow at room tempsraturs, is known to exhibit
pronounced color changes upen heating and coolingltg.
A theoretical understanding of these unusual
properties will rely, first of all, upon a complete
iknowledge of the crystal structure of this oxide,
I¢ is interesting to note that this oxide is the
only compound which has been assigned an anti-Cal
¢type layer structure?, just as silver subfluoride,
AgoF, is the only compound known to have an anti-
Cdig type layer structurell, However, there has
been some doubt about the assigned structure of
Cs20 4n so far as it is based upon not too Erecise
x-ray powder .workl<., More recently, Brauerd has
obsorved aome weak powder lines of the monoxide
which_can not be indexed by Helms and Xlsmm's
model?. A further study of the structure of this
oxide by means of single crystal work thus appeared
to be desirable.

EXPLRIMENTLL

{A) Preparation and Analysis
of Cesium Monoxide

The monoxide waeg vprepared by distilling a
subexide of cesliun, Us0s, in & pyrex vessel at
180 -~ 1909 until nc more cesiuvm appeared to condense
on the zir-cooled trup. The svhoxide, GszC?, in turn,
was prepgsred by direct combination of stoichiometric
proportions of purs cesium and pure oxygen in the
pregence of a small amnount of purified argon, thse
procedure belng the sams as described for the prepare
ation of tricesium monoxide, Cs,0 {of Part IV of this
final report sariss).



The monoxide thus obtained was in the form of
polycerystalline, laminated plates, orangs-yellow
at room temperature, cherry-red above 180°C and
lemoni~yellow at dry-ice temperature, It was readily
pulverised by shaking with glass beads in a thorough-
ly degassed pyrex tube.

Because of the amall weirht parcentage of oxyeen
in cesium monoxide, the composition of the sample can
not ba accurately determined by alkalimetric deter-
mirnation of the cesium content alone; for at0.1%
erroy in the alkalimetric determination would rive
rise to aF 2% arror in the indimc&ly calculated
oxygen content. Thus both Rengade” and Brauer~
reported a ceajium content of 9L.4% for their CsaD
zamples; compared with 94.3% Ca required by the
formula the analysis indicates an error of 25 in the
ratioc of gram atoms Gs to gram atoms oxygen. The
indiration of a cesium excess is not reiiable since
the difference i3 within experimental error.

However, assumins the absence cf foreipn elements,
the monoxide sample can be accurately analyzed by
dacomposition with water and measurement of any small
amoint of gas evoived, If the sample containa excess
cesium, or excess ogygen, this will liberate an
zquivalent amount of hydrogen, or oxygen, rsspectively,
unon: dscomposition with water; the gas sample can be
resdily {dentifisd by means of a mass speotrosraph or
by the known methods of gas analysis and ldentvificstion.

A sample cf cesium moncxide thus analvzed gave
C.00L mol of gas for each mol of the monoxide, showing
an almost stoichiometric compound. A separate
preparation yielded a monoxide sample containing 2,8%
excess oxvgen because of a small leakage of atmospheric
oxyeen into the sample tube., This latter samvle showed
some weak extra lines on tha2 x-r2y powder photograph.
However, both sgmoles were found to be diamagnetic with
"xg'_};u{}“’}:a x 10~ e o3 ae

{8] Re-Examinstion nf the
Powder Pattermn

The {finely pulverized sample was preserved in a
thinwwall pyrsx cavillary of asbout 0.2 wmn diamster.
The powder pattern was first re-examined, using Cuiy
radiation and an ll.L-cm camera. The higher resciution



of the camera made it vossible to observe many more
weak powder lines besides those cobserved by Brauer,
Howaver, a careful examination of the powder pattern
showed that it still could be indexed by the
rhombohedral system with a c¢/a ratio of L.L6,
instead of 2.30 originzlly employed by Helms and
Klemm, (The weak powder lines observed were those
with odd haxagonal £-indices.) Note that Helms

and Klemm's ¢/a ratio was baged upon a rhombohedral
pseudn-cell containing one G lon. This requires
that the parameter of the Cs ions in the true
rhomrohedral cell cortainine one Cs,0 "molecule' be
exactly 1/L; i.e. 20& at ¥ (1/n, 31/L, 1/1), a body-
centered rhombohedral setting. The corecsence of weak
powder lines with-odd hexagonal f-indices shows that
1/4 can not be the correct parameter,

From the present powder data, the hexagonal unit-
cell dimensions were found to be: 2= L,2562 0,00LA
and ¢ = 18,99%0,024, For one Cs,0 'molecule’ per unit-
zell (rhombohedral), the calculated density is 4L.71lg/ge
az comparad with L.802/cc cbserved by Helms and Klemmg.

When a freshly pulverized szmple was uzed, the
powder lines contributed from lattice planss parallel,
or nearly parallel, to the c-axis {(4.z. the hi-d~type
powder lines with zero or small f-indices) became
considerably weosxkencd, indicstine a shearing disoraer
in the dir<ctions parallel 1o the basal plane while
the GOfreflsction heraws stronger, probably due to
further slight cleavage along the basal planes with the
resulting docrease in primary sxtinction of ths 00-%
roflactionz, Thanse statements are well illustrated
by Fig, 1. The relative intensities of the lines in
photomeanh g ore in several instances guite different
from the relative intenslties of the :orreaponding lines
in a and b, Indices and relative intensitiss of the
powder . linss of Fieg. 1b ars siven in Table I, By reference
to Table I the indices of the Uso0 powder lines of Fige 1
ran be readily recegnized., The Intensity distridbution
¢ the powdar photograph hesame normal sprsain if the
aumple was heatad for about an hour at 15090, or
simnly allowed to stand at reom temnerature Tor a
few daye and then phottpraphad, This, topether with
the fact that the monoxide tends o orystallize in
laminated plates with more or lezs perfect bassl
gieavags, leaves little doubt that a layver structure
s corrett,
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TABLE I. X-RAY POWDER DATA
FOR CESIUM MONCXIDE

Haxa?onal Rhombohedral

dic ——-I-E%%i:'-ﬂ-—‘ dobsa. dealc. Iobs. Icalc.
‘—‘hﬁi;‘,g_ %70.256 w:C.255

0003 111 6.33 6.330 5 6.2 5,0
1071 100 3.620 .2 0.3
1012 110 3.433  3.435 100 100 100
0006 222 3.159 3,165 25 26 27
1014 211 2,811 2,911 100 89 88
1015 221 2.638 2,643 1 0.9 0.5
10‘.7 Bﬁ 2»177 20185 3 305 2’6
1120 101 2.12, 2,128 25 35 35
0009 333 2,110 0.8 0.5
1133 2310 2.017 1.4 1.1
101 332 1.998 1,995 20 2L 25
20% 111 1.83¢ 0 c.1
2020 200 1.805 1,810 10 16 16
321 1.766 1,766 20 29 29

zoﬁK 220 1.717 1,718 16 17 17
10110 L33 L.08%  1.68A) 10 th 113
2025 311 1,685 @3 0,2}
QQGLZ LiE 3, ARG 1.583 5 AL k% |
1011} 443 1.559 1.563 2 2.4 1.8
2027 331 1.525 3.0 0.7
1130 432 1487 1.hG2 3 17 1.1
ﬂoﬁg L22 1.457  1l.L86 5 &.8 9,2
2171 201 1,290 0 0
2133 21 1.378 1.379 10 i 13
0113y - 544 1.359 1.359 1 1.3 0.9
213 310 1.336 1.337 10 1k 14
20210 b2 1.324 1.323 3 4.9 5.1
21_;, 320 1.308 0.3 0.2
1014 551, 1.269  1.273 20 3:9) )
11212 543 1.270 10 11%



TABLE I. {Continued)

Haxagonal Rhombohedral

Ied%%es __lggéfsﬁ___ dobs., Cealc.

00015 555 1.266
20%211 533 1.260
2137 L2 1,239
3030 21 1.229  1.229
30143 30 1.206°
03.3} 27?1?

133 L3% 1.201 1,202
30 6& 411 1.146
G336, 330 B Y ) }
20913 553 1.145
10316 655 1.125 1.129
21%10 532 1.123
20%11 YN 1.093 2.093&
1175 651, 1.088
2171 51,2 1.085
10117 665 1,068 1,069§
2770 202 1.064
302 s 522 1.062
0339 Lhi

0noLe 666 1.055
2213 11 ' "
3158 %13 12023
313,72 301 1.015 1.017
2216 120 1.009
713173 é43 1.00%9%
EX NN 32 0,898  0.,929%

Trs,
20216 EEL, 0.098 \
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{C) Single-Crystal Work

Single crystals of U850 wers obtzined by
distilling a suboxide of cesium (C370,) in pyrex
capillaries at 170 - 180°C, The orange-yellcw
erystal used in the pres2ant 1lnvestigation was a
thin, almost rectangular plate, O.lL4(Z2) mm x
0.20lL) rm x 0.03(i) mm, minus one small corner
corresponding to abcut 3,5% of the total volume
(Fig. 2). The two developed faces were identified
as the 000f basal planes; tihr remaining faces wer
formed bty twoe 1120-planes, twe $Ok-nlanes, and a (S¥?)

lane which truncated a small corner of the plate,
he following retation photopraphs were taken:
(1) Culg radjstion with the hexagonal base
diagonal, {YI20), a'=y7Za, as the rotation axis;
52) CuKg radiation with the hexagonal a-axis,
10T0), as the rotation axis; and (3) MoKe
radiation with the hexagonal a-axis, (1070), as
the rotation axis. The rotation spots were readlly
indexed; and the relative intensities were estimated
vigually by comparism with a blackening scale and
measurement of the areas,

The rotation photorraphs {sec Fig., 3} exhibit
lover-shearing disorder similar to that of brueite,
Mg{OHi,, a cadmium iodide type layer crystal,
recentIv discussad by Brindlsy angd Ogiloie”, On
both the a-axis rotation photopraph, and the bass-
diasonal rotetion photograph, the hk:O.reflections
appear as sharp spots, while the 00f -reflections
armear as extended arcs. However, the dcgree of
shearing disordar in the 330 crystal employed
aprnears to be small, the angular displacement of tha
g=axis beinpg only about 22 as estimated from the
vertical lenpths of the 00-§ ~spots,

Lane photomrapha taken along the cesyxis

P
consistine essentially of streaks because of’the
slirht shearing disorder, indigate a Dy, diffractisn
symmetry. This confirms the 4 rhombb%edral
space groun, thers beine only One Cap0 'moleculet
per unit céﬁl.
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TREATMENT OF THRE SINGLE~CRYSTAL DATA

{A} The Absorption Faetor

For a crystal containing a high percentage of

heavy atoms, the absorption_correction becouaes
very important. Hendershot” has descrived an
analytical method for computing the absorption
factor for a rotating crystal btounded by polygonal
faces. The equations apply to the zero-layer
reflections only. Furthermore, in his treatment,
internal reflections through nonadjacent faces are
assuwpeed to be nepligible; obviously, this condition
is not met with in the case of thin crystalline
lates., The graphical method recently described by
iowells8 requires considerable labor even for the
case of constant cross section,

For a thin crystalline plate with rectangular
cross section, 2 simple analytical treatment of the
abscrption factor can be obtained by dividing the
cross sectiorn into aporopriate repions for integration.
For a detailan deseription of the method employed,
ses Apnentix I. The ahsoroticn factors caléulated
a8 degeribed 4n Appendix 1 are shown in Fig. L.

{B) The Temperature Factor
and the 3cale Factor

e anti-CdC&, structure ng) hq S anl ons

ie arameter' o at 9, O, ¥uﬂ u, »

sent powder data show that &.iq c‘osor 1 24)

:? vhnan to 174k as reported by Helms and Kiemm,

son the single crystal intensity datz, the observed

structure amplitudes,?, (includinz the inheyrent

temperature factor and the scale factor) were

caiculated, taking 1.0% 85 as an arbitrary bamis

in order to give a s axe fnrtor, K, ¢lose to wity.

Haﬁad uron these wvalues oi‘gﬁ, an electroﬁudﬁnsity
ITine-saction thvouph the c-axis was construrcted and

it ws3 again found vo b‘ close tao Q, 456 The structurs

fartors, P, for 1ad.255 and u=z 0,256 were then

c;iwaanﬁd usiap thWd%u"PfMi seattering factors for

eosim and oxide ions. The latter valua of u gavs

siiehitly better asrcement with the obaerved P

A4 least squarss treatment of the vgluﬁs of (@7?

versus corrvespondine values of sin< 8

/R~
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gave K 20,829 and %'r g .24 x 10-16 cm « Using
thase values of K and 3y, the observed structure
fagtors, F,, (\empera ture factor iLaken out) wers
éflcn&ated from § ?gang of the expression,

z KX exp si « The reliability
facuur, B?? 9) ‘>Fc/, was found to be
12.5% . see able II) '

ELECTRON.DENSITY LINE SECTIONS

Four line sections, P{00e), of electron

density along ths c.~axls were consrructed ror
the following sets of dats: {1)
obeerved structure amplitudes including tha
natural temperature factor,

P = /K = Fiaxpl-Bosin?G/A2) ;
{2) calculated structure amplitudes,

Fe’m ¥ expi»ﬁgaini%ﬂxé)
basad uveq u=® 0,256 and Thamqsmearmi'a scattering
fecvors for 02 and Cs; ({3} ;a;cuﬁqbe stymeture
amplitudes based upcn us 0,25 56 gna Pauling-Sherman’s
scattering factors for 0° and Ca; \h) observad
STTUCTUTS nmclituddh, Fo'y, plus calculated values,
Fo', for the weak, uncbserved refisctions. 'fhese
four ssts of data cgvar tns gams region from
(348 /5 = 0 %o fsin@ : 0,542, 80 tha series
termination errors infa{ﬁ %) may be sssumed to be
aporoximavely the same,

The ¢alculated electron density line section,
fiosz), vased on {3) shows a sl*#ﬁtly hieﬁer oxygen
peak and a slightly lower cesium pesk than does
£ {00%) based on {Z}. Otherwise thers is no

e¥sential differencs petwesn the twoe iine sactions.
Hence 1t is sufficient tu uss xm;-:v the @ 00%)
vased on Thomas~Fevmi F,! for comparison dﬁth the
observed electron denatly liae eﬁctﬁnn,,,ﬁg 00#2]},
nased on (1) and {4},

The three line sections based on {1}, {2}, snd
(&) show practically the same oxvgen peak and the sane
Pasitxon for the maximum of the cesium peak {(see.Tig, S},
Yenice us0.256= 15 36/60 is the sorrect parameter
Up to a radius of absut 0.7A from the center of the

b 2ad
I



TABLE II. OBSERVED AND CALCULATED
STRUCTURE FACTORS

The radiation ig Ker for toih Cw and Mo,

Lgyar
R AP SR
hksf, I pg. e gzition ation ,5&9 ..3.?( 2P, 5,
. W2 (,256
00 2 1,3 0,a' Cu  0.0136 7.0 8,4 8.6 20
10 3.3
10 2 200 1,af Cu 0.0154 91 106 114 87
22 0,a Mo  0.54 8L
00 6 100 0,8 Cu 0.026 Sk B8 70 <8
00 D.a Cu
10 & 3 roa Gu 0.0114 7o 20 109 a6
. %2 0O,a Fiy .48 84
16 % w11
10 7 2.8 2,8t Cu  0.028 13 21 24 27
2,9 U,=2 . Ho 0.8 20
1} 0 14} O, &’ Cu 0.0%% ¢ 103 123 g8
AT A Cu 0.0086 &80
93 1,s Ma  0.57 2
00 ¢ 9.0 0,8 Cu {.080 i1 B 22 w2
1 3 3.3 G, Cu 0.0138 13 i 1g 1L
3% 3, Gu  0.0086 11
10 & 7.5 1la’ Cu  C.0061 kL 57 &S 82
32 2,a’ Cu  0.033 47
. 18 U.s Mo .33 52
20 1 1ed
20 2 &5 Z,a' Cu £L0LLG 6L ‘5 1) )
3% 0,s Ko C.56 &0
11 6 37 O,at Cu 0,031 5% -3¢ S &7 SRS 4 |
18 3,at Cu C.C06R 3y
.5 i,a Mo 046 55
C 4 22 2,8 Ca 0. 008G 59 7 92 7%
22 0,2 Mo Q.54 57
W10 11 1,at Cu 0.0L473 35 L1 55 L&
L 2,at i G 0i0 33
L6 1,a Ho 0.23 3k
20 5 =10
0C k2 . oAb Cu 9053 38 L5 6d 7O
L tabk-t Cya ¥o .25 3E
i3 31t 3.9 1,8t Cu Q.02 ig 27 30 33
4,1  2,at Cui 0.0L3 18



TABLE 1X. {Continued)

hk-4

Rotation

Radi-
ation A

Wi
B

e ¥ ]

o s

20
11

oA AN
O s

AN
O bk

f4 2
O
=

+

(o]
o

NP
e G

<
.

S
<o

NSAVC]
S

foe?

O RY?
(@]

lie X

038
[-3 ?
AR

o~

X
v o«
NN D

.

O b O e

)

agh
foud ot

[
ad

N\ B

-

L3

-~
<

fot

td
G el O O G0 Y

o

-t

i

»

o2
Y

o
e
a7
ry
B i
4
wn 8 - “
%R 8
“%

L

t‘\}*.!

%]
€3
0
)

23 23 W g pt

PINGY ED b PO AN NS TN T B N G NG O

§

R R ST Sy

et
A J*i
O
o
®

i S L%
RO R AV R
“« © /&
<« v - W % W e »

BY T

o

Y
.-

*
“w W W e

DETLLLBOEOLLDOENDDD

-

e

>
~o

£

[
@

-

Pt O e Ny O

ot @

(4]
-

PO e D DR R DO O SO N R D e

- m ep A o W =

jU4

Mo 0.27

Cu 15
Cu 0.0N89 8,4
Cu 0.0058(7}) (21}

Yo 0.39 13
Cu 0,003 31
Mo 0.46 40
Cu Q.018 L
BTy 0,55 L5
ou N,033 18
Cu 0.083 17
M ©.25 15
Cu 0,015 L2
Mo 0,84 40
Gu 0.G079

Mo Q.53 2B
Cu 0,080 28
Chs 0.057 35
Cu G506k 27
Cu .30 30
Cu 15
Mo .29 {16
Mo N,41 il
Ca 13
Mo Clie 30 9
845 0.01%6 33
Fo T.,5% am
Cu 5
Cu DR 29
Mo U ,1;9 3«1
Cu 00045 A7
o 0,51 25
Cu D013 Lé
Cu 0,063 273

16

Pl
a2 GO

AR A
e

-~

.
o

& i

Crbe

“n

DD bt
WM
APL R g

el

? O
~EX}

10
-5.{;

P
w-hE

~2'?
53



TiBLE II. (Continued)

Layer
1 o 't A g 1@ 1 1
hke Rotation ation : & L 1
L obs. P 3\? 3K §?o 3Fc
u:0,256
7.2 2,a" Cu 0,064 25
21 10 1.3 1,a' Cu 0.006L 2% 29 55 -55
20 1& 6.4 Z,a&" Cu 0.035 22 27 52 -50
1.3 o,a Mo 0535 21
21 Iiga.0.L 1,a Mo B tes 1 12 2% 27
11 f 0.6 1,a Mo 0.25 8 36 35
4.2 0O,a’ Cu (el 48 12
6 3,a’ Cu 0. 050 18
W1l &5 1.8 Ca 0,058 & 22 4L <34
w.5 2,a Sy 0.070 19
22 0O 3.8 §,af Gu 0057 26 31 64 52
30 9 ~18
00 182 6.5 g,a' Cu G079 16 19 w0 i
22 3 9
3] 1 &), 2
3% =2 S Cu 0.0 29 A3 .y
2.3 L& Mo 05k 232 :
22 6 3.5 ,u Cu 0.01L 18 22 L& w5k
21 13 -2
31 "%) 2.1 1,a i 0y S 22 27 &0 5
20 16 ¢z, 6 2,a! Cu 0,08 ke | 1 & L9
31 5 e
21 1 3.3 1,a? Cu 0,031 17 21 48 7
012 5.0 3al Gu 0.017 22 24 §7 £3
2.0 0,a Mo Oalid gy
819 6.6 1,a Cu 0.075 15016 uf 3%
.  heh 2.a7 Cu B AITh (v
33 7 17
“0 17 Iy 2,87 Gy 0.055 8 i3 a2 =32
2z 9 =17
r3 iR 13 @4 Cu 0,065 i 18 L8 =11
16 3,a" Cu G C6G i5
31 & 1.3 1.8 o 0. 50 17 21 51 K5
LG 1 (1o 5
10 20 b E,E‘.s Cu Eiis ’}3 14 g ki 52
- kL, 2.8t G 0,082 1h
0 2 1.5 C,a Me G.5L 19 23 1] 53
21 16 6.5 1,a Cv 5055 15 12 49 L&



TABLE 1I. (Continued)

Laver

fL % and Radi- " . % 3 .

hke Hotation ation 1 ) g
obSe axis 39 3¢ 3% 32
M:0,256

L L 1.k 0,a Mo 0,53 18 22 58 55
00 2) 54 .87 Cu 0,091 1i 13 36 -~37
31 To 0.8 1,a Mo 0.48 1 17 b6 =3
KO 5 -8
22 12 i OG.8" Cu 0.028 11 13 27 5C
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cesium ion at < uwt*l5, 36/60, the shapes of the

cesium peaks on the three 11ne secticns are
racticelly the same, although the scals f?ctor,
/K, for the observed structure amglitudes, Fot,
vears to be slightly too hi h, However,

tge outer shsll bevond r=0,7A, the observed

elect*on density, P00z}, based on either (1},

T h) appears %o e considerably higher than
? (002! based or either (2), or (3)., This_arises
fon the fagt that the observed walues of Fg o,
.2 and Ffp., are systematically higher t &n
the %alcuia ed valuég, u¢$2 the therved values

. s T are
ccns;gaprlygi&ﬁe? a%gfhe gu cn*ate Uvalues,
because nf a higher degree of perfection of the
layer crystul along the c-axiz and therefors higher
extinctions for the 00-f reflections. This point
will be discussed later,

It is to5 bLe noted that in the outer shell of
the ces ium ior beyhnd v* 0.74 the obsorved slectrone-
density, P,{00z) ; based on either {1) or (L}, appears
to be cons gdewahby hizher on, that sids of the cesium
jon toward the neighboring ¢% layer st zalg-u}=l,62/60
than on that side of the rﬁq,um *ﬂn tounrd” the nelyh«
boring 0® layer at 8= #s20/60. TFor P,{00z) bassd
on (l§ this diffarencé aprears tc be most conspicuous
in tha r«g*nn betwsen r= 0,84 and v = 1,14; wherwas
Aor’ﬁg (0z) bazed on (L), this difference in electron
dapnsity on the two 51@@5 of the cesivm lon occurs in
the region between v 3 L,LA and re 2,04, in accord
with the abnormally large distance betwsen oeﬁium
ions in adjacent layera. OSince it may not Justie
iakle to UGFL”ct the weak, unohserved zeilectxon
and since the agreement between F_ and F, for most of
the weak refiections appears to bé pood, Cthe observed
electron-density line section based on %“> probably
gilvas & better representation of ths true relative
wiec%won distribution on the two gides of tha cesium
ion. Based on {2} and {&), she ypadial diatribusion
differencs funetion, & %*?F’f{, - ,C’{,) y ADpuarg to be
Eruc?irally uy“me+r4ga up ©0 & radiuz of about L.LA,
stupen 1,48 and 1,74, there are about § clestrons
Hore in_ the hem; pherical shell towerds the netgh-
bering CF layver (4. e,, in the rezion %9%w en
381{‘60 snd QFSiL/ﬁo than in the her h»gi
&

;L

shell i&ra”us the nelzhboring oxide ~~ye“
he regicns between g% 19,7/60 and zs 20.7/60,
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pssuming hemispherical symmetry of the electron
density distribution on hoth sides of the cesium
ion. This differsnce in electron density.cn the
two sides of the cesium ion gives at izast a
qualitative indieation of the pclarization of the
cesium ion in the layer lattice; it is of greater
significance than the absolute values of P, {(00%)
in the region bhetween r2 0,74 and r=1.LA, for
the apparent high electron density in this region
a2lonpg the c-axis mav be largely due tc the failure
to correct for extinctions In some of the obhserwed
structure factors. The eight electron difference
has, of coursa, no guantitative ailgnificance
althouch the indication of some dasgree of polari-
zation seems plausible,

From the observed parzmeter, u=0,256, and
the cell size, 8= 4.256 Y0.0004 and o = 14,692 0,024,
the following Interigni¢ distances wara obtained:
Cd-0%22,86% 0,01A, Ca-C3n L.10% 0,024,

DISCUSSION

A, Temperature Factor and
Lattice Disordsr

The fact that the cecium ion appears %o be
elongated along the c-exis on the obmerved electron-
density line sections woulid geam ¢ indicate a
considerably higher temperature {actor along the ,
c-axis then along ths a-sxis. Howaver, the agrsement
between F, and F. appears to be generaily good in the
nigher {sin® /% region, where the structure amplitudes
are more sensitive to thernmal vibretions or other
forms of lattice disorder. Bence the affective temper-
ature factor can not b2 vsry far from isotropic. In a
laver cgrystal like this, the natural thermal wvibtration
aldng the c-axis is expected t¢ be higher than along
the a-axes, but the effective tampsraturs factor along
the a-axes alsce ineludes the effact dus to the siisht
laver-shearing disoprder. Finally, there may alss be
a hirh degree of Schoedtky disorder in this type of
cryatal gs indlecated »y thg high apparent temperature
factor (Bgw 3,24 x 20-25cm”),

The powooer dats show an even higher temparature
factor, indissting that discrders due to mechanieal



disturbance were nct complately removed by annealing.
As pointed out previously, the intensities of different
types of powder lines of such a layer crystal depend
very much on the mechaniecal treatm gnt of the pgwder
sample. Note that Helms and Klemm-” and Braue re-
portad the powdér line intensities for ths 10.2,

00.6, and 10.4 reflection as about equal, whersas

with a well-annealed powder sample the lé 2 and 10.L
powder lines observed in this lanoratory were ahout
four times as strong as the 00,6 powder lines,

B, Bxtinction Arising from Partial
Perfection of the Layer Crystal
Alsng the C-Axis

As 901 ved out prgviousxv, the observad values

of Fﬁk . appeared to be systemati-
cally hgwher tfan thﬂ calgulated values wh*le the
oheerved values of F appeared to he 1loway Most
0¥ the sericus devia@goﬁs between F_ ard F, ;sﬂvv in
the strong refleections in the lower (sin® Yx resioun.
This shows that there wers considerable exiinctiocns
for ¢he reflections from those lattico planes paraliel,
or nearly varallel, to the basal plene, as sugeested
by tiie facr that the layer crystal of Lsao tends to
develnap perfect basal cleavage and sxhibits slipht
layer-shaarineg disorder. Thp erystal micht be highly
inmperfect along the a-axes, but neavly perfact along
the ceaxis, =5 that there cculd be g svstematie
weakenins, because of extinetions, of the strong 00-f
reflections and hO+§ refliections with small h- and
large f-indicas. Even sm2ll erystallites in the
powdsyr sample showed considerabia sxtinctions of these
last two types of reflections, The 00.6, 00,12,
10,10 vowder lines of a freshly pulverired vowder
samvle of cecium monoxide anpeared to ba consldarab 1y
stronver than the correaponding cowder lines of an
annealed sasple (see Fim. 1b), becauce ¢f further
ulisht clegvase along the ba ,a’ planes of wne crystale-
Tites with the resultant deerPﬂSﬁ in primary extinctions
of the 00.£ raflections.

C. Polilarization of the Gesium
Ion in the Laver Latches

The abnormally larpe £3 - CF aistance

n
Y



(14.9A vs. ZrCs 3,36A), the sliecht shortsning of
the C4 -0® distance (2. 86A vs. 1Ty ¥roe*1.68A+1 LOA™
3.084), and the anpreciably hirher elactron density
in the reeion betwesen r z 1. 4A and r»1.74 cn the
side of the cesium ion towards the neighborine Cs
layer, indicate that the cesium ion wmust be highly
polarized in the cesium monoxide 1aver erystal

by neishboring, O° layer on the one sids and the
neighboring C# laver on the other side. Elee*ro-
static repulsion between the two neighboring C§
layers is also exnected to increase the Cg - Csg
distance, A theoreg ticzl justifi*ation of the
abnormally large 3*-=C§ stance based on the
comhined 2ffact of polarization and electrosgtatic
repuicion can be made by expressine the lattice
eneregv of cesium monoxlde as a function of the
parameter, u, knowing the cell size and the polar-
izability of the cesium lons; this lattice energy
could then bhe “omnaris with that calculated from
known theymochemicn and spectrogcopiec data by
means of the Bé?nnﬂabmr cycle, %

¥ s Madelung constant for the CsnG crystal has
bosn caleulated for sach of seversl wvalues of the
parametsr U in the viclnity of €.256, The elestro-
gtatin {Conlonb) sentribution to the lattice energy

ia thereby obtained, For the observad valua of

u =256 ha electroustatic contribution to the
ibauoﬂi on enersy {into ional is foumd +o be

o 3 3 A negmn while that calculated from the observed
eat of fyrmation of G820 using the Born-Haber cyele

s $528, 53? Egal. This cloge agpreement sugeests

that the {non-Coulomble) repulsive ensrpy is very
nearly compunsated by the polarization energy (dus

to molarization of cesium ions) and the Van dar Waals
attraetion, The non-Coulombic repulsion and the
polarization energies have also bsen caleulated. As
expected, the polarization ensrgy is opposite in sign to
tha #evuision and cancels ahout two thirds of it, %The
Yen der Wasls enerpy hag not bean zomputed but it
seems praasenable that it will nezarly caneel the va-
mainder of the non«Coulombis repulsion. Seme further
raloculations seen reouired 1in order o produce o
firished pilsce of nork, Since mest ¢f the above
caiculationg werg performed after termination of the
contract and gince the calculztions ars still in progress
the datails ara not being renorted. It is now cuite
elear, however, that 0820 i3 a parfecbly normal ionic
erystal, The unusual structure may well be due to ths
high polarizsuility of cesium ion although this is not
vat unaghipuously proven by caleulation.

5~‘~ :3'-’“ Q«-
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It is to be noted that, in the case of the
cadmium chloride type layer crystals, the pclar-
izing field acting on the halide ions 1s reversed
in direction and tends to draw electrons away
from the region betwean the halide-halide laysrs,
while the electrostatic repulsion still tsnds to
keep the two neighboring halide layers apart,

Thus the two effects now mere or less compensate,
rather than reinforce, each other. Hence tha
observed haiiae~-halide interionic distances in

the CdC{,-type of layer crystals appear to be
normal in the case of the chlorides and the bromides
{Table III), However, in the case of the nickel
iodide layer crystal, the observed I~ 1° distance
3,972 is about O.BSA lower than twice the knocwn
ionic radius (2.164&) of the jodide Zon., This indi-
cates that for the large iodide ion, the polar-
igation effect actually predominates as should be
sxpacted,

D, EBxtra Powder Lines
of Imvurs Cgsiumn
Monoxide Sample

A sample of cesium monoxide known Lo contain
2o excess oxygen gave the followine ewira powder
lines: 4/ns3.80(5), 3.60{2), 3.06{2}, 2.560(3},
2.00{1): firures inside the brackets lindicate the
chgerved Intensitles rvelative %o thai of whne atrongosl,
C850 powder 1lius {(1C.Z-line) as 100. Other powder
samples cf Cg30 known to be partially oxidiged
bacause of inadequate purification of the argon also
shiowed thesge extra lines topether with thras mors
foreigsn linew at d/n=1.,92(1), 1.88(Li, and 1,62{1},
These extra lines cannot be indexed by the known
Cas>0 pattern, or Cs,0q pattern, or a combination of
hoth. Furthermors, the oxygen-rich impuriities did
not anpear te be paramagnetlc since the Impure $230
sample s5till showed practically the same dizmaghetie
susceptinility as that of an almost stoichiomgirie
sample, The existence of a giémagnetic higher oxida,
provably Os5l., is Indicated »?, Diffieculvy of
prepaving sueh an intermediate higher oxids of casium
in a sufficientiy pure state arisses from tne Faef
that, in the solid-pzs reaction betwesn cesium monoxide
and omygen, once 2 thin surfoce coating of the dnter-
mediate higher oxide is formed it is oxidized further
to Us20q and CsGs while the interinr layer of unreastsd
CesC remzing shiclded from the sction of oxygen.
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SUMMARY

1. Thg x-ray powder pattern of cesium monoxide
has been re-~examined. The presence of many powder
lines, (weak) with odd hexagonal f-indices shows that
the C& ions cannot be in a body-centered rhombohedral
setting and therefore the parameter u=1/L, given by
Helms and Klemm, is incorrect.

2. Single crystsals of cesium monoxide have been
prepared for the first time, Single-¢rvstal photo~
graphs have confirmed the anti-CdCio-tvpe layer
atructure, Dgqs. Rotation photoerraphs have bteen found
to show the existence of layer-shearing disorder in
the crYsz1a, similar to that exhibited by brucite,
HglOH)s, a laver crygtal, recently discussed by
Brindlevy and 0;11049 ayer-shaaring disordsr in the
Car0 erystala has also been observad on the poxder
yhntograpb taken with a freshly pulverized sampla,

3. Treatment of the single-crystal dataz for
&bsarption sorrections by direct integration has been
deseribed in some detail. High extinctions for the
stronpfw)ﬁ,rcflﬁctions and hO-§ reflections with
small h- and large £ ~indices have bsen observed,
arisines from more or less perfect basal cleavags and
glieght laver~ghearine disorder.

be The cell coastants and 1nt=r<ﬁn o dint ;éom
have vsan found to ce: ar h.235 k(¢ ,ouhﬂ. rT18.0080,02
u+* 0,256 CF ’f“? pﬂ-gwﬁlﬁ Ce-0 29X 0,024,

5. A diffsrential comparisen of the observed
and the calculsted electron-density line seetion
along the c~axis indicates that the cesium ions are
porarived in the laysr lattice of cesivm monoxide
cryetals,

6. 7The abrormally high Cg - Cg distance hss
been ascribved to the combined effects of the polar-
ization of the cesium lons agd the eiectrostavie
repulision between adjacent €8 laysrs. Interionic
distances in the CdCi 2«type layer crystals have alse
heewn disevcssed 3In the 11ghL of these two =ffects,

7o ixtra powdar lines of partielly oxidiszed
powder samplas of cesium monoxide ana the obsarved
diamagnetic susceptibllity of the sample sugrest
the existencs of an intermediate highor oxide

begides vbr”‘ anc 83263 {?3‘

~
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APPENDIX

CALCULATION OF THE ABSORPTION FACTOR
BY DIRECT INTEGRATION

A, Rotation about the Base Diagonal, (11.0).
The axis of rotation being parallel to the vsrtical
edpes of ths crystalline plate, the case of one of
constant cress section except for the upper and
lower edres {and the small truncated corner which
can be neglected).

If the c-axis ie taken as tha polar axis, then
the direction of the incident beam, &, can be con-
fined to the first gquadrant without loss of gener-
ality, and the projected direction of the diffracted
beam, ﬁﬂu mavy lie in one of the four quadrants. The
eross ‘section of the crv:t3l plate can be divided
into appropriatse repglonc for intesration &g shtown in
the following diagram:
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4

These regions can be designated as regions of eormer
refleccions, I and I', surface reflections, II and
II*, and internal ref‘iectioua, III end III}, the .
contribution for the last one being negligible, The

absorption factor, A, can be obtained by integrating
-the following expression:

4 = 3&%_!47“(’(‘“‘” ds;

v
- . x!
g [ tor Bl

il

wheregs, v, 8, and h are, respectively, the absorption
coaffident, the volume, the cross section arsa, and
the height of the crystal; %, and X%, are the ?ptical
paths of the incident and dilfracted beame; %5 48 the
projectior of the diffracted beam,X,, upon 8; "X is
ths layer inclination angle; and the svmmation is to
be oarried cut over all the sevarate reglons, 84,
Afver simplification, the following expressions are
obtained: =

(a) & and ﬁ in the first and second quadzants,

s

. _«_&Fsd:.gdm')c»s‘xo_ condtoom
/& = ’V’i /u‘{. (QIH*(JJF)L
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4= 3 (-g;a oot + %ﬁh}.

{t) o and 8 in the first and third quadrants,.
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the last term being the correction for internal
reflection through the upvner and lower edges
with T{0t-plane as the inclined surface, and
being the angle betwean the c-axis and the
Ti0d-plane.

{d) & end 7@_ in the first and fourth quadrants,
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In the above expressions,dl, B, and B' are taken as
the acute angles which @, #, and el respectively,
make with the c-axis, € crystal 1s treated as a
rectangular plate except for the two WOL-edges, the
small truncated corner being neglected.

B. In the case of rotation .about the hexagonal
a-axis (10.0), the crystal plate can be divided by
horigzental planes passing through the corners into a
central parallelcgized egection with constant horigental
cross section, and a top and a bottom section where the
width, &, varies with the height because of the triangu-
lar faces. Integration of the absorption factors for
thess sactions is still quite streiphtforward, except
that, for MoK radiation, the exponéntial terms can no
longer be ueglected because of the considerably smaller
absorptiopn ccefficient (#:190cm=l for Mo Ki{ , and

31520CM~L for CuKg , based upon the mass absorption
coafficlents of Cs and O given in Int. Tabellen, II,
577 - 78 {1935), and the known density of the crystal,
L,70g/ec.}. However, fore and 8 less than 600, good
apnroximations for the abaorption factors can be
cbtained by merely inteprating through the thickness
of the crystal plete and neglecting all the corner and
edpe corractions: '

% il t ]
oz g (RO (R BRy
‘v &)

The CuXg photograph taken with the hexagonal
a-axis as the rotation axis was used only in checking
some of the unrezolved reflections on the other two
photographs. The relative magnitudes of the absorption
factors were estimated from the values calculated for
the corresponding reflections on the base-diagonal
rotation nhotograph using the same radiation.

For each-reflection, the angles ol and 8', which
the incident beam and the projection of the diffracted
beam, respectively, make with the c~a&axis, were determined
graphically with tha use of a reciprocai lattice map
and a circle of reflecticn for the appropiate layer.
The angle, 8, between the diffracted beam and the c-axis
can be obtained from the following relation!
cosf’co?'cos'x, where % 1s the laver inclination
angle, % 4s t2 be noted that, for those reflections
erove the zerc leyer with §~factor greater than 1,
there are two pairs cf'w and B, and therefore two values
of the absorption factor, A, for each reflection. In

\at
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such cases, mean values of A were taken.

Por fixed hk, the absorption factor, Ahkﬁ@’
can be plotted as a function of £. This is
1llustrated in ¥ig. 4 for the case of rotation
about the base diazonal, (11:0), and with C
radiation. A change in the tyve of reflection is
indicated by an abrupt change in the siops of tha
absorption curve,
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